Large-scale plasma produced in nitrogen gas at room temperature and pressures ranging from 4 × 10 3 to 1.2 × 10 5 Pa by high-power laserinduced dielectric breakdown (LIDB) has been investigated. Time-integrated optical nitrogen gas spectra excited from a CO 2 laser have been measured and analysed. The spectrum of the generated plasma is dominated by the emission of strong N + and N and very weak N 2+ atomic lines and molecular features of N (B-X) systems are very weak as compared with the chemiluminescence spectrum of nitrogen formed in a glow discharge. An excitation temperature T exc = 21 000 ± 1300 K was calculated by means of the relative intensity of ionized nitrogen atomic lines assuming local thermodynamic equilibrium. Optical breakdown threshold intensities in N 2 at 9.621 µm have been determined. The physical processes leading to the LIDB of nitrogen in the power density range 0.4 < J < 4.5 GW cm −2 have been analysed. From our experimental observations we can suggest that, although the first electrons must appear via multiphoton ionization or natural ionization, electron cascade is the main mechanism responsible for the LIDB in nitrogen.
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Introduction
It is well known that gases such as N 2 under normal absorption conditions are relatively transparent to laser radiation. Since nitrogen is a homonuclear diatomic molecule, the vibration-rotation and pure rotation spectra are not allowed, hence N 2 exhibits no infrared spectrum. However, when the laser intensity increases and reaches a certain threshold value, as happens with high-power lasers (ruby, Nd:YAG, CO 2 , iodine, XeF excimer, etc), they are no longer transparent. Laser-induced dielectric breakdown (LIDB) is characterized by a brilliant flash and a cracking noise. Since its discovery in the early 1970s, LIDB has been the subject of many investigations [1] [2] [3] [4] [5] . The two principal mechanisms involved in LIDB are multiphoton ionization (MPI) and avalanche collisionally induced ionization (electron cascade) through inverse bremsstrahlung (IB). The MPI phenomenon supposes the simultaneous absorption of many infrared photons of the same frequency by a single molecule. The IB process assumes the presence of initial free electrons that absorb energy from the intense electromagnetic field associated with the laser beam, until they have enough energy to ionize the surrounding media upon collisions. This produces other electrons which are in turn accelerated, resulting in an exponential rate of growth of the ionization process. The contributions of the MPI and IB mechanisms to the plasma formation depend on the kind of gas, pressure, pulse length, beam size of the laser, laser wavelength and laser power energy.
One of the most spectroscopically studied diatomic molecules is nitrogen. An extensive compilation and critical review of the observed electronic band systems of the N 2 molecule and its ions has been reported by Lofthus and Krupenie [6] . As the principal component of the Earth's atmosphere, nitrogen plays a significant role in atmospheric phenomena including auroras and airglows. In laboratory, nitrogen is often present in gas mixtures in discharges, including various laser gas media as the CO 2 laser used in these experiments.
Several groups have examined the LIDB emission from nitrogen by using different highpower lasers: iodine photodissociation laser [7] , CO 2 laser [8] , ruby laser [9] , neodymiumglass laser [10] and soft x-ray free-electron laser [11] . The LIDB nitrogen spectrum recorded by Babankova and co-workers [7] in the spectral region 300-700 nm is composed of one broadband formed from unresolved lines of N + and from the v = 0 − v = 0 electronic transition of N + 2 (B 2 + u -X 2 + g band system). The LIDB spectra from N 2 reported by Nordstrom [8] and Hanafi et al [9] are composed of N and N + atomic lines without identification of any molecular emission. The LIDB studies of molecular nitrogen reported by Baravian et al [10] and Sorokin et al [11] detect several ion species N + , N + 2 and N 2 2+ by ion time-of-flight spectroscopy.
In this work, optical emission spectroscopy (OES) has been used to investigate the chemical consequences of LIDB in nitrogen gas. The plasma generated is dominated by the emission of strong N + and N and very weak N 2+ atomic lines and molecular features of N g . The strong differences shown by both LIDB and glow discharge spectra must be connected with the different excitation mechanisms. On the other hand, the LIDB emission spectrum recorded here is rather similar, both in the excited neutral N fragments and N + , N 2+ ionic fragments, to the spectrum produced by an inner-shell excitation of nitrogen (1s-π * at 401 eV) using a synchrotron radiation from the SuperACO storage ring reported by Marquette and co-workers [12] . Optical breakdown threshold intensities in N 2 at 9.621 µm have been determined for pressures ranging from 4 × 10 3 to 1.2 × 10 5 Pa. The most important physical processes in the LIDB of nitrogen at the power density range 0.4 < J < 4.5 GW cm −2 have been analysed. From our experimental observations we can propose that, although the first electrons must emerge via MPI or natural ionization, electron cascade is the most important mechanism responsible for the laser-induced breakdown in nitrogen.
Experimental details
The experimental configuration used in this work is shown in figure 1 . The light source used was a Lumonics model K-103 transverse excitation atmospheric CO 2 laser operating with a 8:8:84 mixture of 12 CO 2 :N 2 :He. The laser is equipped with frontal Ge multimode optics (35% reflectivity) and a rear diffraction grating with 135 lines mm −1 blazed at 10.6 µm. The CO 2 laser irradiation of nitrogen was carried out using the 9P(28) line at 1039.36 cm −1 . This wavelength was checked with a 16-A spectrum analyzer (Optical Eng. Co.). The pulse temporal profile was monitored with a photon drag detector (Rofin Sinar 7415). The pulse consisted of a spike (60 ns-FWHM) and a tail lasting approximately 3 µs. The optical breakdown was produced in a pyrex cell of 4.5 cm diameter and 43 cm length equipped with two NaCl windows for the IR laser beam orthogonal to two quartz windows for optical detection. Focused geometry was used by placing a lens (24 cm focal length) in front of the cell for the CO 2 laser beam. The CO 2 laser fluence was calculated as the ratio of the pulse energy (measured in front of the lens with a Lumonics 20D pyroelectric detectors through a Tektronix TDS 540 digital oscilloscope) and the 1/e cross-sectional beam area (measured at the cell position with a pyroelectric array Delta Development Mark IV). In our experimental conditions, fluences of around 100 ± 10 J cm −2 were used. Between the two measurement series, the vacuum chamber was evacuated with a rotary pump with a residual pressure of 5 Pa. During the experiments, the chamber was filled with N 2 at pressures ranging from 4 × 10 3 to 1.2 × 10 5 Pa, measured by a mechanical gauge. The plasma plume was imaged by a collecting optical system onto the entrance slit of different monochromators. [13] and an Hg/Ar pencil lamp [14] . An uncertainty in the experimental intensity measurements of about 10% was estimated. Several (Cu/Ne, Fe/Ne and Cr/Ar) hollow cathode lamps (HCL) were used for the spectral wavelength calibration of the spectrometers. The HCL lamps produce extremely narrow atomic lines with line widths around 0.01-0.02Å.
Results and discussion

Plasma visualization
When a sample of nitrogen is irradiated by CO 2 laser lines of sufficient power, a visible breakdown occurs. Figure 2 shows a series of images of the laser-induced breakdown nitrogen plasma at different times of the experiment. A number of plasma lobes can be distinguished as well as diffuse, luminous cloud surrounding the central plasma core. Images (a)-(d) were taken at the same experimental conditions. In the images (a) and (b) only a partial breakdown is produced, while in the images (c) and (d) the breakdown is total. The LIDB spectra analysed in this work correspond to the situations described in cases (c) and (d) of figure 2. The observations of the LIDB geometry during the experiments indicate that the actual plasma region is not spherical, but elongated in the direction of the laser beam propagation.
Optical breakdown threshold intensities for N 2
Several models have been proposed to describe LIDB [15] [16] [17] [18] [19] . From these models, the breakdown induced by the IR laser seems to be quite well explained as a collisionalassisted avalanche ionization mechanism or IB in which the development of gas breakdown is determined by the presence of some free electrons in the focal volume. It is deduced from the cited models that the procedure to do the measurements of the threshold determines the measured value. Some authors induce the breakdown at a pressure over the desired value; later the pressure is lowered and the energy is adjusted until the breakdown begins with some probability, usually around 50% [15] . This method is similar to inducing the breakdown with energy in excess and to attenuating the laser until the spark disappears [20] . In these cases, it could be that initial free electrons have been produced by previous breakdowns and they are the seed of the avalanche process [15] . Another way to induce the breakdown is to fix the pressure and to gradually increase the energy until a visible spark is observed around the focal region at a determined number of laser pulses, 50% [21] . In this last method, the obtained threshold value is more than 25% higher [22] . We have used both methods to measure the nitrogen breakdown at several pressures and the results are shown in figure 3 . As can be seen, the behaviour of both curves is similar but, if a breakdown has been previously induced in the sample (open triangles), the pressure range to induce the breakdown is bigger and the power density is around one order of magnitude lower than when no previous breakdown is induced (solid circles). The number of free electrons is higher in conditions of previous breakdown than in the case of no previous breakdown, lowering the threshold for the plasma initiation. Also, if a sufficient concentration of electrons is generated by MPI early in the pulse so as to affect the diffusion of electrons out of the focal volume, diffusion becomes ambipolar in nature as opposed to free. In this case, the breakdown thresholds will be significantly lowered. The threshold for LIDB depends on the pressure, kind of gas, laser wavelength, pulse length, beam size and frequency of radiation. This fact can be deduced by analysing the different values found in the literature. In the case of nitrogen, the range of threshold intensity is higher than in noble gases due to additional vibrational energy losses inherent to the nitrogen molecule [23] . [23] . It has to be noted that we have obtained lower threshold power densities for N 2 than those given above [21] [22] [23] ( figure 3 ). This fact can be related in part to the used focal length (24 cm) and beam size in the focal region (7.85 × 10 −3 cm 2 ) that is one order of magnitude, at least, higher than the values commonly used in the literature, favouring the probability of existence of free electrons to seed the process and decreasing the threshold laser intensity due to the lack of the diffusion losses.
Identification of the chemical species in the laser-induced nitrogen plasma
The emission spectrum has a continuum on which the emission lines are superimposed. This continuum extends over the whole range of wavelength and has been subtracted in our spectra. It is due to the interactions between free electrons (bremsstrahlung) and to the interaction of free and bound electrons (recombination continuum). The former one is particularly important in the UV spectral region, whereas the latter one is important at longer wavelengths. 1/8 m Oriel spectrometer (1200 grooves mm −1 grating). A zoom of this spectrum is shown in figure 5 . In this figure, in addition to the identified atomic lines, molecular bands associated with N + 2 and N 2 diatomic molecules are observed. The analysis of the molecular emission has already been used for a long time to get information on the structure and symmetry of excited states [31] [32] [33] [34] .
Studies of the electronic spectra of N 2 and N + 2 in a number of discharge tubes, such as electrodeless microwave discharges and conventional ac and dc discharges, are well known. In many electrical discharges, the most prominent electronic transitions of N 2 are the first positive B [35] attributed to a predissociation. Pannetier et al [36] observed the 5-5 band of the C-B system with band-head at 3259.2Å. Also, Tanaka and Jursa [37] studied this band system with high intensity in the aurora afterglow observed for weak red-degraded triplet bands originate from v = 5 (C [6] . The A-X Meinel bands for nitrogen cation were first identified in the aurora borealis [38] . The analysis of these band systems of N 2 and N + 2 was accomplished in the early work of many authors and played an important part in the development of our understanding of the spectra of diatomic molecules.
In order to assign the molecular features of the LIDB in nitrogen, its spectrum is compared to that of the dc electric glow discharge at low pressure (∼5 Torr). Typical spectra recorded with the Oriel spectrometer (25 µm slit and grating of 1200 grooves mm −1 ) after CO 2 laser excitation and in the cathode glow discharge of N 2 are given in figure 6 . A global analysis of the latter allows one to distinguish the second positive C-B system (between 270 and 530 nm) and the first positive B-A system (between 570 and 970 nm) of N 2 and very weak emissions corresponding to the first negative B-X system of N + 2 ions. Moreover, spectroscopic measurements performed on the dc electric glow in N 2 spectrum showed that although numerous molecular bands appear, nitrogen atomic lines are not present. Besides, the second positive system of N 2 and the first negative system of N (7, 5) of N 2 (C-B). The upper panel of figure 7 (a) shows the LIDB emission spectrum of nitrogen in the spectral region 2925-3175Å of nitrogen. Assignment of the emission band heads is shown in table 1 and indicated also on the spectra. The two sets of three blue-degraded band heads (2925-2980Å) and (3105-3165Å) are readily assigned to the v = 2 and v = 1 sequences of the second positive system of N 2 (C-B), respectively. The series of bands between 3020 and 3095Å belong to any of the bands 11-7, 4-1 and 3-0 of the first negative system of N + 2 (B-X). The lower panel, corresponding to the dc electric glow discharge of nitrogen at low pressure, shows practically the same bands with different intensity distributions and spectral widths. In the spectrum of the lower panel of figure 7(b) (nitrogen electric glow discharge), we easily identified five bands of the v = 0 sequence and the 1-0 band of the second positive system of N 2 (C-B). The main intensity is observed for the dominant transition N 2 (C, v = 0) → (B, v = 0) which corresponds to the most intense nitrogen laser line at 3371Å. However, this simple picture changes drastically in the LIDB emission spectrum of nitrogen excited by the CO 2 laser, the 0-0 band being now very weak. A large number of additional strong bands mainly in the region 3260-3410Å are detected in the LIDB spectrum and can be attributed to emissions from the first negative system of N [40] and Laher and Gilmore [41] . Figure 8 shows the calculated RKR potentials and associated transitions for electronic states of N 2 and N + 2 which can be relevant to interpret the results of the present work. Many perturbations are known in molecular states of nitrogen, although an in-depth explanation of these features in terms of mixing of electronic states is not yet available. A useful graphical summary of many potential energy curves has been reported by Gilmore [42] . Perturbations are often accompanied by complex intensity irregularities as happens in the first negative system of N figure 8 ). As this perturbation is homogeneous (i.e., = 0), the shifts in both levels will be nearly independent of J producing that the B 
Ionization degree of the plasma
When dielectric breakdown is produced in nitrogen under high intensity laser radiation, some molecules can obtain an energy that exceeds the binding energy. Also some of their electrons become so energetic that the atoms and molecules ionize. Taking into account our experimental spectral observations, at these high temperatures nitrogen becomes a mixture of N 2 , N + 2 , N, N + , N 2+ and electrons. The transition between a gas and a plasma is essentially a chemical equilibrium which shifts from gas to plasma side with increasing temperature. For example, if we assume a LTE between nitrogen atoms in the ground state N 1s 3 P 0 ) at temperature T, the ionization degree is described by the Saha equation:
(2πm e k B T )
where N e = N i are the electron and ion densities, N 0 is the density of the neutrals, h is Planck's constant, k B is Boltzmann's constant, m e is the electron mass, g e , g i and g 0 are the statistical weights of the electrons (g e = 2), N + ions (g i = 1), N neutrals (g 0 = 4) and E i is the ionization energy. For atomic nitrogen, the Saha equation reads (E i = 14.5341 eV [43] )
where T is in K and N e × N i /N 0 is in m −3 . Figure 9 shows the ionization degree N i /(N 0 + N i ) of nitrogen gas, plotted as a function of the gas temperature T at a constant total pressure
5 Pa. The graph shows that the nitrogen is already fully ionized at thermal energies well below the ionization energy of 14.5341 eV (equivalent to 168 661 K). From our experiments, it is obtained that at about 1/8 of the ionization energy (equivalent to IR 14 photons), the majority of the nitrogen atoms are ionized (ionization degree 0.87). The situation for the hypothetical equilibrium N 2 X 1 + g ↔ N + 2 X 2 + g + e is quite similar. Already at lower temperatures the electrically charged components of a partially ionized nitrogen gas can dominate the behaviour of the gas.
Plasma temperature measurement
We have calculated the excitation temperature T exc according to the Boltzmann equation under the assumption of LTE. The conditions satisfying this assumption of LTE require that the radiative population rates are negligible compared to the collisional population rates. This essentially implies that an excited state must have a higher probability of de-excitation by collision than by spontaneous emission. Generally, LTE is established among all the species in the plasma beyond ∼1 µs delay time from the plasma start. The excitation temperature was calculated from the relative intensities of N + atomic lines (3400-4800Å spectral region) and the slope of the Boltzmann plot ln[
where I ki is the emissivity in W m −3 sr −1 of the emitted k → i spectral line, λ ki is the wavelength, g k = 2J k + 1 is the statistical weight, A ki is the Einstein transition probability of spontaneous emission, E k /k B is the normalized energy of the upper electronic level and C = ln(hcN k /4π Q(T)) (Q(T) is the partition function). The values of λ ki , g k , A ki and E k for N + selected atomic lines were obtained from the NIST Atomic Spectral Database [24] [25] [26] [27] [28] [29] [30] . The obtained excitation temperature, in this case, was T exc = 21 000 ± 1300 K (figure 10). However, if the excitation temperature is determined using only the relative intensities of N atomic lines (7300-8800Å spectral region), a value of T exc = 7900 ± 1300 K is obtained. This behaviour is observed by other authors [44] and may be interpreted to result from the different emissivity distributions of neutral atoms and ion lines. The emissivity of the ion lines is produced, on the average, near the inner region with higher temperature. On the contrary, the emissivity of the neutral atom lines comes, on average, from the low-temperature region close to the plasma front, where the neutral atom density is higher. The intensity measurements correspond to the integration of the local emissivity values along the line-ofsight, integrated in turn in the perpendicular directions. As a consequence, the neutral atom Boltzmann plot provides a temperature value which is a certain average of the low-temperature values in the plasma (7900 K), whereas the temperature obtained from the ion Boltzmann plot (21 000 K) averages the values existing in the high-temperature region. On the other hand, we have carried out simulations of the v = +1 sequence of B-X band of N + 2 for different vibrational temperatures finding that a value around 20 000 K reasonably reproduces the experimental spectrum. Also, if we consider a temperature of 7900 K the ionization degree obtained by means of the Saha equation (2) is of 0.000 64 (see figure 9 ). Such a low ionization degree does not justify the observed emission spectra of N + and N + 2 . Keeping in mind these results, the temperature obtained from relative intensity of N + atomic lines (21 000 ± 1300 K) was chosen as the first approximation for the excitation temperature. Real plasmas provide, even in the worst cases, just an approximation to LTE. However, their spatial inhomogeneity is very large as concerns the temperature and number density distributions of the different species. Consequently, the LTE occurs only within very small volume of the plasma.
Laser-induced breakdown mechanism in nitrogen
It is clear that the LIDB and glow discharge spectra are remarkably different. The lack of correlation between the LIDB spectrum generated by the CO 2 laser pulses in nitrogen and the molecular emission spectrum formed in a glow discharge suggests that the relaxation from excited states of nitrogen and nitrogen cation during the LIDB plasma emission occurs through other pathways. The strong atomic lines observed in the LIDB spectra in comparison with the dc glow discharge spectra, as well as the similarities between the LIDB spectra and those obtained using synchrotron radiation [12] , indicate the high degree of excitation and the high rate of the N 2 dissociation process achieved in the plasma. As we have mentioned, the two most important processes involving the formation of laser-induced plasma are MPI and electron cascade or IB. While the multiphoton ionization process is self-sufficient, the electron cascade requires the presence of at least one electron in the laser focal region. The MPI process involves the simultaneous absorption of a number of photons required to equal the ionization potential of a gas. Due to the small energy of the laser photons (hν = 0.128 864 eV) and the ionization potential of nitrogen (15.5807 eV [6] ), the usual photoelectric effect is not possible. Multiphoton ionization process would be possible if a simultaneous absorption of 121 photons would occur. In general, the probability w n of a species absorbing simultaneously n photons when in the field E (E is the root-mean-square electric field, i.e., the amplitude of the field oscillations E = √ 2E 0 ) corresponding to a photon flux density F (F = J (power density in W cm −2 )/hυ photons cm −2 s) is w n ∝ F n ∝ E 2n . As it can be seen, the dependence on the laser field is very sharp. Bebb and Gold [45, 46] concluded that although multiphoton ionization may supply the initial electrons, it does not account entirely for the breakdown phenomenon, except possibly at very low pressures when the formation of an electron cascade is inhibited. Moreover, it has been established [45, 46] that the threshold photon flux density F th or equivalently the threshold power density J th for multiphoton ionization varies with P −1/n , where P is the gas pressure and n is the number of simultaneously absorbed photons. Therefore, MPI predicts a very weak dependence of J th on P for nitrogen. However, as we can see from figure 3, the breakdown threshold power density J th in N 2 versus pressure shows a minimum around 5 × 10 4 Pa if previous breakdown have existed and 1 × 10 5 Pa without previous breakdown. Therefore, it can be seen from figure 3 that the pressure dependence is incompatible with MPI which predicts a very weak P −1/n dependence for the threshold power density, while it is in qualitative agreement with electron cascade. Moreover, Rosen and Weyl [21] reported a P −0.6 scaling (0.2 < P < 10 atm) of threshold laser power density J th for N 2 at 0.53 and 0.35 µm, indicating that this behaviour is associated with electron cascade rather than MPI. A minimum in the variation of the threshold power density versus pressure is predicted by the classical theory [47, 48] . In our experiments, a minimum in the threshold power density versus pressure curve ( figure 3 ) is observed. The electron cascade process can also starts with an initial number of electrons in the focal volume that are produced by natural ionization due to cosmic radiation [49] . In air at atmospheric pressure, the natural electron density is ∼10 3 cm −3 . Therefore, starting from our experimental observations we can conclude that although, the first electrons must appear via multiphoton ionization or natural ionization, electron cascade is the main mechanism responsible for the breakdown in N 2 .
Conclusions
Laser-induced dielectric breakdown generated by CO 2 laser pulses in nitrogen gas has been investigated by means of OES. The plasma produced in nitrogen gas and pressures ranging from 4 × u transitions and produce a rather complex structure, but the high-resolution spectra allow for a precise assignment of many observed transitions. In LIDB spectra, the relative intensities of the 0-0 band heads in the N 2 (C-B) and N + 2 (B-X) systems are surprisingly very weak. The LIDB spectrum has been compared with the band spectrum of a dc electric glow discharge at low pressure. This spectrum is dominated by the emission of strong molecular features N 2 (C-B) and N 2 (B-A) and very weak N + 2 (B-X). Both spectra exhibit very big differences associated with the involved different excitation mechanisms. An excitation temperature around 21 000 K was calculated by means of ionized nitrogen atomic lines assuming LTE. This value implies an ionization degree that agrees with the observed LIDB emission spectra. The physical processes leading to the LIDB of nitrogen in the power density range 0.4 < J < 4.5 GW cm −2 have been analysed. On the basis of our experimental observations, we can suggest that although the first electrons must appear via multiphoton ionization or natural ionization, electron cascade is the main mechanism responsible for the breakdown in nitrogen.
